Abstract The aim of this study is to investigate the role of the purinergic receptor P2X 3 in the peripheral and central nervous systems during acupuncture treatment for the visceral pain of irritable bowel syndrome (IBS). A total of 24 8-day-old Sprague-Dawley (SD) neonatal male rats (SPF grade) were stimulated using colorectal distention (CRD) when the rats were awake. The modeling lasted for 2 weeks with one stimulation per day. After 6 weeks, the rats were randomly divided into three groups of eight each: (1) the normal group (NG, n= 8); (2) the model group (MG, n=8); and (3) the model+ electroacupuncture group (EA, n = 8) that received electroacupuncture at a needling depth of 5 mm at the Shangjuxu (ST37, bilateral) and Tianshu (ST25, bilateral) acupoints. The parameters of the Han's acupoint nerve stimulator (HANS) were as follows: sparse-dense wave with a frequency of 2/100 Hz, current of 2 mA, 20 min/stimulation, and one stimulation per day; the treatment was provided for seven consecutive days. At the sixth week after the treatment, the abdominal withdrawal reflex (AWR) score was determined; immunofluorescence and immunohistochemistry were used to measure the expression of the P2X 3 receptor in myenteric plexus neurons, prefrontal cortex, and anterior cingulate cortex; and, a real-time PCR assay was performed to measure the expression of P2X 3 messenger RNA (mRNA) in the dorsal root ganglion (DRG) and spinal cord. After stimulation with CRD, the expression levels of the P2X 3 receptor in the intercolonic myenteric plexus, DRG, spinal cord, prefrontal cortex, and anterior cingulate cortex were upregulated, and the sensitivity of the rats to IBS visceral pain was increased. Electroacupuncture (EA) could downregulate the expression of the P2X 3 receptor and ease the sensitivity to visceral pain. The P2X 3 receptor plays an important role in IBS visceral pain. The different levels of P2X 3 in the peripheral enteric nervous system and central nervous system mediate the effects of the EA treatment of the visceral hyperalgesia of IBS.
Introduction
Irritable bowel syndrome (IBS) is a gastrointestinal disorder involving different levels of the brain-gut axis, and visceral pain is one of the most common symptoms. The brain-gut axis can affect the outer periphery, the spinal cord, and the central nervous system, and various neurological neurotransmitters are involved. Because the enteric nervous system is associated with the central nervous system, gastrointestinal activity is regulated by the central nervous system, and the reciprocal relationships are called brain-gut interactions [1, 2] . In another study, patients with the visceral hypersensitivity of IBS not only exhibited high central reactivity to stimuli from the outer periphery but also showed increased visceral sensitivity to central stress events, which was considered to be the result of a change in the brain-gut axis [3] .
Burnstock, who discovered purinergic receptors, experimentally demonstrated that adenosine triphosphate (ATP) is released when the epithelial cells in tubular organs and saclike organs receive an expansionary stimulus; the stimulus acts on the nerve plexus of the purinergic receptor P2X 2/3 under the epithelial mucosa, thus causing the transmission of pain signals to the pain center [4, 5, Fig. 1 ]. This assertion has been confirmed in many diseases, such as IBS and interstitial cystitis [6] . Clinical and fundamental research had found that a variety of analgesic drugs have good efficacy during the treatment of visceral pain, thus showing a broad therapeutic potential [7, 8] . The application of purinergic receptor antagonists has also expanded the treatment of visceral pain. As an important part of traditional Chinese medicine, acupuncture has 5000-year history in the treatment of IBS visceral pain and diarrhea and has been used extensively in clinics. The longterm clinical practice and fundamental research of our study group has also confirmed the effectiveness of acupuncture treatment for IBS [9] [10] [11] [12] [13] and has led to a preliminary explanation for a portion of the mechanism underlying the acupuncture treatment of IBS visceral pain [14] . As a neurotransmitter, ATP plays an important role in regulating the transduction of the visceral pain signal by binding to P2X receptors [15, 16] , and ATP participates in the regulation of intestinal movement and gastrointestinal secretion. P2X receptors are widely distributed in the body, and they play an important role in the formation, transduction, and regulation of neuropathic pain, inflammatory pain, and visceral pain [17] [18] [19] [20] . Many studies have shown that purinergic (P2X) receptors are involved in pain signal transmission, in which the P2X 3 and P2X 2/3 receptors are the main subtypes [21, 22] . Therefore, when studying the pathogenesis of IBS, it is necessary to investigate the relationship between the P2X receptor and IBS visceral hypersensitivity at various levels of the brain-gut axis.
In a The Scientist article [23] , Burnstock suggested that traditional Chinese acupuncture mainly acts through purinergic signals (Fig. 2) . This assertion not only provided new ideas for the study of the mechanism underlying acupuncture but also presented new challenges. The experiments of this study were designed based on the above two viewpoints of Burnstock. The internationally recognized approach of colorectal distension (CRD) in rats was used to prepare a disease model of IBS visceral pain [24] ; this model simulated the non-noxious distension stimulation of the epithelial cells of tubular organs and saclike organs, and the traditional Chinese acupuncture treatment for abdominal pain was applied. The above two viewpoints were also preliminarily confirmed by our experiments. Our animal study demonstrated that electroacupuncture (EA) could regulate the expression of the purinergic receptors in the peripheral and central pathways of visceral pain transmission to achieve remission of the IBS visceral hypersensitivity in rats. This regulation included regulation of the expression of purinergic receptors in the enteric nervous system of the outer periphery, the spinal cord of the central nervous system, and the anterior cingulate cortex and prefrontal cortex of the cerebral cortex. In this study, molecular biology and immunohistochemistry methods were used to explore the important role of the P2X 3 receptor as a P2X receptor subtype in IBS visceral pain, and the impact of EA on the brain-gut neural signal transmission was observed at different levels, including the enteric nervous system, the dorsal root ganglion (DRG), the spinal cord, and the cerebral cortex. The scientific basis for the EA treatment of IBS visceral pain was revealed from the perspective of the regulation of P2X 3 , thus providing experimental evidence to elucidate the functional mechanism of acupuncture.
Materials and methods

Animals
A total of 24 SPF-grade newborn Sprague-Dawley (SD) male rats (5 days old) were provided by the Experimental Animal Center of Fudan University. All treatments for the experimental animals were in line with the guidelines by International Association for the Study of Pain (IASP). On the eighth day after birth, the neonatal rats were stimulated using CRD when awake. The balloon was distended with 0.3 mL of air, keeping a pressure of 60 mmHg for 1 min. Pressure was measured with a sphygmomanometer and then slowly deflated and withdrawn the balloon from the anus. The distention was repeated two times (separated by 30 min) within an hour. The procedure for generating the rat model of chronic visceral hypersensitivity was described by Al-Chaer et al. [24] . The process of modeling lasted for 2 weeks. After 6 weeks, the rats were randomly divided into three groups of eight: (1) the normal group (NG, n=8); (2) the model group (MG, n=8); and (3) the electroacupuncture group (EA, n = 8) that received electroacupuncture at a needling depth of 5 mm at the Shangjuxu (ST37, bilateral) and Tianshu (ST25, bilateral) acupoints. The parameters of the Han's acupoint nerve stimulator (HANS) were as follows: sparse-dense wave with a frequency of 2/100 Hz, current of 2 mA, 20 min/stimulation, and one stimulation per day. The treatment was provided for seven consecutive days. Tianshu acupoint (ST25) is level with the navel, 5 mm lateral to anterior median line; Shangjuxu acupoint (ST37) is 5 mm lateral to the anterior tubercle of the tibia and 15 mm below the knee joint. At the sixth week after the treatment, the abdominal withdrawal reflex (AWR) score was determined, and the rats were sacrificed by cervical dislocation under intraperitoneal anesthesia. The following tissues were collected and stored in liquid nitrogen: (1) the descending colon, (2) the DRG at the L6-S2 segments, (3) the spinal cord at the L6-S2 segments, and (4) the prefrontal cortex and the anterior cingulate cortex.
Indicators and methods of detection 1. The abdominal withdrawal reflex (AWR) score
The CRD stimulation was performed using a self-made balloon stimulator connected to a desktop sphygmomanometer and a syringe through a three-way valve to provide the distension stimulation at a constant pressure. When the rat was awake, the balloon was inserted from the anus along the rectum to reach the descending colon of the rat. CRD pain stimulation was applied at four different levels of pressure: 20, 40, 60, and 80 mmHg. Three AWR scores were measured for each rat, with each measurement lasting approximately 20 s and with 3-min interval between measurements. The mean value was calculated as the final score. The AWR scoring criteria are shown in Table 1 . 2. Detection of the P2X 3 receptor expression in the neurons of the colonic myenteric plexus by immunofluorescence The experimental procedure was as follows: after blocking with 10 % normal goat serum for 20 min, rabbit anti-mouse P2X 3 receptor antibody (Abcam, UK) at a 1:500 dilution was added in a dropwise manner, and the mixture was incubated at 37°C for 2 h, followed by three 5-min washes with 0.01 M phosphate-buffered saline (PBS); goat anti-rabbit IgG-FITC (Santa Cruz, USA) at a 1:100 dilution was added in a dropwise manner and then incubated at room temperature in the dark for 1 h, followed by three 5-min washes using 0.01 M PBS. Images were acquired after the sample was mounted on a laser scanning confocal microscope (Leica TCS SP5 II, Germany). 3. Real-time PCR detection of the expression of P2X 3 messenger RNA (mRNA) in DRG and spinal cord neurons The total RNA was extracted from DRG and spinal cord tissue (L6-S2 segments), and the corresponding cDNA was synthesized using a reverse transcriptase reaction system (Shanghai Jrdun Biotechnology Co. Ltd.); the relative gene expression was determined using the ΔΔCT method. The following sequences were used for the primers for the P2X 3 mRNA: NM_031075.2, primer F: 5′ TTG CCT TGT GCC ATT GTG 3′, primer R: 5′ CCT CTC AAC CTG CTT CTT TC 3′, Pos: 2631-2838, amplified product: size: 208 bps, product GC 45 %. The sequences of the primers for GAPDH mRNA were as follows: NM_017008.3, primer F: 5′ GTC GGT GTG Arching body and lifting of pelvic structure and scrotum AAC GGA TTT G 3′, primer R: 5′ TCC CAT TCT CAG CCT TGA C 3′, Pos: 86-266, amplified product: size: 181 bps, product GC 51 %. 4. Detection of the P2X 3 receptor expression in the prefrontal cortex and anterior cingulate cortex in rats through an immunohistochemistry assay Antigen retrieval was performed using the paraffin sections after microwave heating (0.01 M citrate buffer, pH 6.0), followed by three 5-min 0.01 M PBS (pH 7.4) washes. The endogenous peroxidase was inactivated using 0.3 % H 2 O 2 , and then, the sample was washed using 0.01 M PBS for 5 min×3 times. Then, rabbit antimouse P2X 3 receptor antibody (Abcam, ab10269) at a 1:300 dilution was added in a dropwise manner and incubated at 37°C for 2 h, followed by three 5-min washes using 0.01 M PBS. The secondary antibody (EnVision kit, Shanghai Genentech Co. Ltd.) at a 1:500 dilution was added in a dropwise manner and incubated at room temperature for 30 min and then washed three times for 5 min each using 0.01 M PBS. DAB Chromogen Solution (EnVision kit, Shanghai Genentech Co. Ltd.) was added in a dropwise manner, and the developing time was controlled by monitoring the sample under a microscope. Image and data acquisition was conducted for the positive expression of the P2X 3 receptor in the prefrontal cortex and anterior cingulate cortex, and the average integrated optical density (AOD) of the positive target was analyzed using the Motic image analysis system.
Statistical methods
The experimental data were processed using the statistical software SPSS 18.0. Comparisons of multiple factors were performed using univariate analysis of variance (one-way ANOVA) and the LSD method. The results are presented as the mean ± SEM. P < 0.05 was considered statistically significant.
Results
In addition to downregulating the P2X 3 expression in the neurons of the colon myenteric plexus that was abnormally increased in the rats with IBS visceral pain, EA could also adjust the expression of P2X 3 and its mRNA to different levels in the central nervous system (DRG, spinal cord, cerebral prefrontal cortex, and anterior cingulate cortex) to regulate the brain-gut neural signal transmission and improve the conditions of visceral hyperalgesia in the rats with IBS.
Electroacupuncture could reduce the visceral hypersensitivity in rats with IBS In this study, internationally accepted AWR scoring [17] was used to determine the change in the sensitivity to visceral pain. The IBS model in rats was prepared using the method of colorectal balloon distention. The AWR scores for the sensitivity to visceral pain were elevated at different pressures, indicating the development of visceral hypersensitivity after the CRD stimulation from the perspective of behavior. The experimental results showed that the CRD could lead to an increase in the sensitivity to visceral pain, and EA could reduce this visceral hypersensitivity, with a statistically significant difference (Fig. 3) .
Electroacupuncture could regulate the P2X 3 receptor in the neurons of the colon myenteric plexus in the rats with IBS visceral pain
The CRD stimulation induced the visceral hyperalgesia of IBS. Meanwhile, the expression of the P2X 3 receptor increased in the neurons of the colon myenteric plexus in the enteric nervous system of the rats, and further observation showed that EA could downregulate the expression of the P2X 3 receptor in the colon myenteric plexus, with a statistically significant difference, P<0.01 (Fig. 4) .
Electroacupuncture could reduce the expression of the P2X 3 mRNA in the neurons of the DRG and spinal cord in the rats with IBS visceral pain At the CNS portion of the nociceptive afferent nerve, EA altered the expression of P2X 3 mRNA in the DRG and spinal cord of the rats with IBS visceral pain. The experimental Fig. 3 The AWR scores of the rats under different pressures. Compared with that in the normal group, the AWR score of the rats in the model group was significantly increased, *P<0.01; compared with the score in the model group, the AWR score of the rats in the electroacupuncture group was significantly decreased,
results showed that compared with the expression in the normal rats, the expression of the P2X 3 mRNA in the DRG and spinal cord of the rats with IBS visceral pain was upregulated, and these increased expression levels were reduced after the EA treatment at the Tianshu and Shangjuxu acupoints. The expression levels of P2X 3 mRNA in the neurons of the DRG and spinal cord of the rats in different groups were different, P<0.01 (Figs. 5 and 6 ).
Electroacupuncture could downregulate the expression of the P2X 3 receptor in the prefrontal cortex of the rats with IBS visceral pain
In the enteric nervous system of the outer periphery and in the primary afferent neurons, changes in the expression of the P2X 3 receptor protein and gene were observed. Is there a similar change in the prefrontal cortex portion of the cerebral cortex in the higher level center? The results of an immunohistochemical assay showed that the colorectal balloon distention stimulation also changed the protein expression of P2X 3 receptor in the prefrontal cortex, and EA also had an inhibitory regulatory effect on the expression of the P2X 3 receptor in the prefrontal cortex (Fig. 7) , magnification×200.
Electroacupuncture could inhibit the expression of the P2X 3 receptor in the anterior cingulate cortex of the rats with IBS visceral pain
The anterior cingulate cortex is involved in complex visceral motor function and the pain response. The experiments in the CNS portion of the anterior cingulate cortex showed that the colorectal balloon distention stimulation could also alter the protein expression of P2X 3 receptor in the anterior cingulate cortex, and EA also had an inhibitory regulatory effect on the expression of the P2X 3 receptor in the anterior cingulate cortex (Fig. 8) , magnification×200.
Discussion
Using experiments, Burnstock demonstrated that when a hollow viscus (such as the intestine, ureter, and bladder) was extensively distended and overfilled, the epithelial cells in the cavity would be stimulated to release ATP, which would subsequently activate the P2X 3 and P2X 2/3 receptors in the subepithelial nerve endings to generate action potentials [25] ; this change corresponds to hyperexcitability of the sensory neurons, and the action potentials would be transmitted to the central nervous system, resulting in a colicky sensation [26, 27] . In this study, the method of colorectal balloon distention was used to prepare an animal model of IBS visceral hyperalgesia in rats, and the expression of the P2X 3 receptor in the colon myenteric plexus of the rats in the IBS model group was found to be higher than that of the rats in the normal group. The colon visceral hyperalgesia in the IBS rats might result from an increased level of ATP in the outer periphery, and the upregulated P2X receptors also led to hypersensitivity in nerves, thereby causing an abnormal pain response to the colorectal distension. The Shangjuxu point and the Tianshu point are an ancient and classical acupoint combination for the treatment of intestinal diseases using acupuncture. Our group has been engaged in clinical and basic research [9] [10] [11] [12] [13] on the treatment of IBS through acupuncture for years, and we have achieved desirable clinical efficacy. The preliminary mechanism of acupuncture in relieving visceral hypersensitivity has been elucidated in previous studies. Modern research has shown that treatment at the Shangjuxu point and the Tianshu point exerts its therapeutic effect by regulating the abnormally expressed serotonin (5-HT), SP, VIP, and c-Fos [12, 13] in the intestine, spinal cord, and brain of IBS rats with visceral hypersensitivity. Based on these findings, we selected the Shangjuxu point and the Tianshu point as the acupoints for stimulation by electroacupuncture. ATP, together with other sensory neurotransmitters, is stored in intestinal secretory cells, and these neurotransmitters transduce the signal from peripheral sensory neurons [28] . Antagonists of the P2X receptor, such as pyridoxal-phosphate-6-azophenyl-2′,4′-disulfonate (PPADS) and TNP-ATP, can significantly inhibit the afferent nerve activity caused by the increased ATP release due to the overfilling of the colon [29] . Our experiments also showed that compared with the rats in the model group, the rats that received EA had less CRD-induced visceral hypersensitivity. These findings demonstrated that ATP plays an important role via the P2X 3 receptor in the mechanical signal transduction of visceral feelings and visceral hyperalgesia. The P2X 3 receptor is involved in the mechanism by which EA regulates IBS visceral pain at the periphery, and EA most likely plays a role by directly or indirectly inhibiting the expression of the P2X 3 receptor.
In the central mechanism, the P2X receptors at the CNS portion of primary afferent nerves can regulate the release of neurotransmitters and participate in the synaptic plasticity of the dorsal horn in the spinal cord. The P2X 3 receptor in the DRG sensory neurons of rats with IBS visceral hypersensitivity plays an important role in ATP-mediated pain [30] . This receptor is specifically cloned and expressed in the afferent sensory neurons of the DRG, and it is highly selectively expressed in the small-diameter DRG cells that are involved in nociception. Our previous immunohistochemical experiments demonstrated that the P2X 3 receptor in the DRG neurons of rats subjected to the CRD model of IBS was upregulated, and EA could reduce the expression of the P2X 3 receptor in DRG cells [31] . The role of the P2X 3 receptor in the activation of nociceptors in the rats with IBS was further explored at the gene level through real-time PCR. The results of our study showed that the expression of P2X 3 mRNA in DRG neurons was also increased, and EA played a role in the downregulation. P2X 3 may mediate the pathogenesis of IBS visceral pain at the DRG level of the brain-gut axis. This finding provides an experimental basis to further reveal the functional mechanism of the P2X receptors at each level of the brain-gut axis in the rats with visceral hypersensitivity.
The fibers of the neurons with positive immunoreactivity to the P2X 3 receptor could project to the spinal dorsal horn II, and the P2X 3 receptor could be expressed in these afferent nerve endings [32] . Acupuncture signals can be transmitted to the center of the marrow through the dorsal horn neurons in the spinal cord. After the downstream pain regulation system is activated, it exerts an analgesic effect by regulating the expression of the c-Fos, p38, and 5-HT receptors in the spinal dorsal horn [33, 34] . Thus, the regulation of IBS visceral pain by EA is achieved through the regulation of a variety of receptors at the spinal cord level. Previous studies demonstrated that EA can alleviate visceral hyperalgesia by downregulating the expression of the c-Fos, P2X 2 , and P2X 3 receptors in the colon and the spinal cord [35] , as well as the P2Y 1 receptor expression in the DRG, in rats with visceral pain. This study investigated the mechanism by which EA regulates IBS visceral pain from the perspective of genes. In this study, the effect of EA on the P2X 3 mRNA level was measured to develop a preliminary explanation for the mechanism by which EA and P2 receptors regulate IBS visceral pain. Compared with that in the normal rats, the expression of P2X 3 mRNA in the spinal cord of the rats in the model group was increased. Compared with that in the rats in the model group, the expression of P2X 3 mRNA in the spinal cord of the rats in the EA group was reduced, with similar results in the immunohistochemistry experiments [35] . This finding indicates that EA can play a role in reducing the development of IBS visceral hyperalgesia at the gene level, and the finding indicates that EA (at the Tianshu and Shangjuxu acupoints) can be used to treat IBS visceral pain.
The prefrontal cortex plays an important role in the perception of pain stimuli, such as the pain from internal organs [36, 37] . As a non-noxious stimuli, CRD is commonly used in studies of the treatment of visceral pain in the nervous system, and visceral hypersensitivity is one of the major pathological characteristics of IBS as a functional bowel disorder. In recent years, the neuroimaging of humans showed that in patients with IBS, the functional activity of the brain plays an important role in the response to visceral stimulation and reflects the severity of the IBS symptoms. As an important center of pain, the anterior cingulate cortex has extensive fiber links with the medial thalamus medulla, amygdala, periaqueductal gray matter, caudate nucleus, and other nuclei involved in the modulation of pain sensation [38] [39] [40] . Positron emission tomography (PET) showed that the cingulate cortex in patients with IBS was activated after CRD [41] . The results of an in situ hybridization and immunohistochemical study confirmed that the P2X 3 receptor is expressed in the pain pathways of the brain in adult rats. P2X receptors can not only bind to ATP to mediate a rapid transient effect but also produce a chronic effect during long-term stimulation by ATP. Thus, various visceral stimuli (such as pain, pressure, and distension) can affect the central nervous system through the enteric nervous system [42] , leading to changes in the activity of the corresponding region of the central nervous system, thus affecting the depression of the patients.
In this study, immunohistochemistry was used to detect the expression of the P2X 3 receptor in the prefrontal cortex of the rats and in the model and EA groups. The results showed a difference in the expression of the P2X 3 receptor in the prefrontal cortex of the rats in the EA group, indicating that EA could reduce the expression of the P2X 3 receptor in the prefrontal cortex of the rats subjected to the model of IBS visceral pain. The AWR score analysis showed the following: The pain sensitivity of the rats in the model group was reduced, EA played a role by inhibiting the expression of the P2X 3 receptor, and the P2X 3 receptor also played a role in the central mechanism related to the regulation of IBS visceral pain by EA. The same detection method was used to detect the P2X 3 receptor in the anterior cingulate cortex of the rats with IBS visceral pain, and the results showed that EA reduced the expression of the P2X 3 receptor in the anterior cingulate cortex of the rats in the IBS model group; this finding suggested that EA could inhibit the expression of the P2X 3 receptor and that the P2X 3 receptor may play an important role in the central mechanism related to IBS visceral pain. The study revealed that EA is involved in the regulation of IBS visceral pain in the central mechanism and that the P2X 3 receptor is part of one of the pathways of this function. The P2 receptor in the prefrontal cortex and cingulate cortex may be involved in IBS visceral pain from the perspective of synaptic facilitation [43] , but this hypothesis still requires confirmation by further experiments. At the same time, in order to evaluate the effect of electroacupuncture objectively, we will add normal+ electroacupuncture group into our future in-depth study in this direction. Additionally, the methods of Western blot can better measure the expression of the P2X3R protein.
The mechanism underlying the EA treatment of visceral pain involves an integrated process in the body at various levels from the outer periphery to the center; multiple factors, including nerves, immune and endocrine factors, also interact during this process, and this treatment is related to the acupuncture points, time, and other stimulation parameters. The EA treatment of visceral pain involves a variety of complex neural structures and neurotransmitters. The effects of this treatment may occur through the interactions between the spinal cord, thalamus, brain stem, and cortex in the high level center, as well as through the neuroendocrine-immune network. The mechanism underlying the EA treatment of visceral pain involves the interactions among different sensory afferents in the central nervous system; these interactions can occur at different levels for regions ranging from the outer periphery to the cortex. ATP is released from the nervous system to the extracellular space and mainly participates as a rapid neurotransmitter that mediates the neuronal depolarization current; ATP also coexists with some other neurotransmitters. The neurotransmitters interact with and regulate each other, and they work together to perform their functions. ATP and P2X receptors have received continuous attention in studies of the pathogenesis and EA treatment of IBS visceral pain, and elucidating the signal transduction mechanism requires further in-depth studies.
